INTRODUCTION
Competition leads to a change in resource levels that can influence individual survival and reproduction. As a result, competition can drive evolutionary change in phenotypes through selection on trait values (e.g. character displacement; Pfennig & Pfennig 2010) or on their plasticity (Burns & Strauss 2012, ABSTRACT: Larvae of several marine invertebrates are known to alter their morphology adaptively as a response to changes in conditions, such as food and predator density, within plankton communities. In contrast, nothing is known about plastic re sponses to the density of competitors, which could signal the potential for food limitation or predation risk. We studied effects on trophic morphology of culturing sand dollar pluteus larvae with limiting or saturating food and at low or high density using 1 of 3 potential competitors: feeding conspecifics, feeding heterospecifics, and non-feeding hetero specifics. We hypothesized that feeding competitors would induce a morphological response similar to limiting food, while the effect of non-feeders would depend on whether larvae respond directly to higher density or indirectly to food reduction. Plutei cultured with limited food grew longer feeding arms and shorter stomachs, though only in higher density treatments. Whereas the response to food involved a tradeoff between skeleton and stomach growth, larvae responded to high density by in creasing in vestment in both, reflecting a more complex set of energetic tradeoffs. Similar responses to the presence of feeding and non-feeding larvae implicate a sensory mechanism involving signals from potential competitors rather than a food de cline. Patterns in 2 literature surveys of laboratory experiments and field studies suggest that culture density is a critical but neglected aspect of experimental design in the study of early life-history stages. Larvae are most likely exposed to densities sufficient to induce plasticity following synchronous spawning, highlighting the importance of natural history in understanding density-dependent effects on developmental plasticity.
In sand dollar (Dendraster excentricus) larvae, the plasticity of feeding arm growth in response to food ration depends on the density of potential competitors Photo: Jason Hodin KEY WORDS: Invertebrate · Larvae · Plankton · Competition · Density-dependent · Marine · Tradeoff · Feeding · Experi mental design OPEN PEN ACCESS CCESS Scheiner et al. 2015) . The evolution of traits or plasticity for traits involved in competition would require that populations be controlled chronically or intermittently, respectively, by the resources for which they compete. Plasticity, in particular, is most likely to evolve in response to coarse-grained heterogeneity in the competitive landscape (Levins 1968 , Hollander 2008 .
The evolution of adaptive plasticity also requires a mechanism for sensing conditions under which a given phenotype is beneficial. In the case of competition, sensory input could involve direct assessment of the densities of potential competitors or indirect assessment of changes in resource levels. Such sensory mechanisms can be energetically costly (Futuyma & Moreno 1988) and there may be other costs or limits associated with the capacity to produce multiple phenotypes or the risk of producing an inappropriate one (DeWitt et al. 1998) .
In communities of planktonic grazers, competition for food is limited to times and places where zooplankton are concentrated for long enough to impact levels of phytoplankton. Species that engage in aggregate spawning, for example, can experience elevated densities during the early larval period (Jør-gensen 1981 , Emlet 1986 , with a potential impact on food supply (Bos et al. 2006) . Likewise, temporary concentration of zooplankton can be promoted by physical factors, including tides, currents, and wind (DeWolf 1973 , Cronin & Forward 1986 , Blukacz et al. 2010 , and by biological factors (Folt & Burns 1999) , such as aggregation in the presence of resources (Metaxas & Young 1998) or preferred physical conditions (Pennington & Emlet 1986 , Civelek et al. 2013 . These drivers could create temporal and spatial asynchrony in the abundance of zooplankton and phytoplankton (Rovinsky et al. 1997 , Blukacz et al. 2010 . The evolution of a plastic response to competition could be favored if such asynchrony persists on a time scale similar to the span of a larval stage. On the other hand, plasticity may not provide an adaptive response to variability if it cannot track more rapid fluctuations in competition or food availability (Miner & Vonesh 2004) . Marine invertebrate larvae have been a model for the study of adaptive plasticity because they have a specific life-history role in acquiring resources, and their feeding structures have functional properties that are well characterized. Plasticity of feeding structures has been demonstrated broadly among larvae of molluscan (bivalves: Strathmann et al. 1993; gastropods: Klinzing & Pechenik 2000 , Phillips 2011 ) and echinoderm classes (echinoids: summarized by Soars et al. 2009; asteroids: George 1999 , Wolfe et al. 2015 ophiuroids: Podolsky & McAlister 2005; holothuroids: Morgan 2008 , Sun & Li 2013 . Environmental heterogeneity that induces plasticity includes the mean (Hart & Scheibling 1988 , Strathmann et al. 1992 , 1993 , Sewell, et al. 2004 ) and variance (Miner & Vonesh 2004) of food concentration as well as the presence of predator cues (Vaughn 2007) . Pluteus larvae of echinoids, in particular, grow longer ciliated bands and skeletal supports in response to food scarcity (Boidron-Metairon 1988 , Soars et al. 2009 ). Growth of longer arms is considered an adaptive response to food limitation, involving an energetic tradeoff in investment between the larval feeding apparatus and structures that are retained through metamorphosis (Strathmann et al. 1992 , Miner 2005 .
Because competition can result in food scarcity, the ability to respond adaptively to competitor density could similarly improve larval growth and survival (Relyea & Auld 2005) . However, nothing is known about morphological responses of marine invertebrate larvae to the density of competitors. Such information could be critical to interpreting laboratory experiments and field surveys (Fenaux et al. 1994) . For example, larvae that are cultured at atypically high density could yield results that are inconsistent or that differ from those expected under field conditions (Johnson & Shanks 1997) . Conversely, if larvae can respond adaptively to the potential for food scarcity by detecting competitors, or if factors other than food concentration influence the size of feeding structures, then trying to infer the degree of food limitation from morphology in field-collected larvae could be problematic (Klinzing & Pechenik 2000) .
In laboratory experiments, we addressed the combined effects of varying food level and the density of actual or apparent competitors. In particular, we investigated (1) whether pluteus larvae of the sand dollar Dendraster excentricus (Eschscholtz) show plastic morphological responses to competition from conspecific larvae and from feeding heterospecific larvae, (2) whether such responses to competitors depend on food ration, and (3) whether larvae show a similar morphological response to the presence of non-feeding, and therefore non-competing, larvae. We used the latter comparison to infer whether the mechanism of response involved a direct assessment of larval density or an indirect assessment of food level. Finally, using 2 surveys of published literature, we evaluated (4) the ecological relevance of laboratory studies of plasticity in light of our results by comparing densities of experimental cultures to those measured in the plankton under field conditions.
MATERIALS AND METHODS

Collection and fertilization of eggs
Adults of Dendraster excentricus and the purple sea urchin Strongylocentrotus purpuratus (Stimpson), species with feeding pluteus larvae, were induced to spawn via intracoelomic injection of 0.55 M KCl. Spawning was induced in the ribbed limpet Lottia digitalis (Rathke), a species with swimming but non-feeding veliger larvae, by allowing the seawater in which individuals were placed to warm to room temperature. Eggs of each of the 3 species were fertilized with unmeasured concentrations of dilute sperm. Embryos of each species were transferred separately to 1.5 l jars containing 1 l of 0.45 µm filtered seawater (FSW) kept at 10−14°C in a sea table and stirred at 10 strokes min −1 by a mechanical paddle system (Strathmann 1987) . All experiments were started with 3 d old larvae of D. excentricus, S. purpuratus, and L. digitalis so that larvae were exposed to experimental food levels around the time that feeding began (Strathmann 1987) .
Algal culture and cell counts
Algal cultures were established from stock cultures of the cryptophyte Rhodomonas lens (Pascher and Ruttner), which is used commonly in experiments as a food for echinoderm larvae (Strathmann 1987 , Hart & Strathmann 1994 , Eckert 1998 . All cultures were maintained at room temperature and under ambient light conditions. A hemocytometer on a compound microscope was used to measure algal stock concentrations. Algae were pelleted in a centrifuge at 1000 rpm and resuspended in FSW before addition to larval cultures.
Experimental design
We cultured larvae of D. excentricus at 2 food levels and 4 treatments evaluating the effects of competition in a full factorial design. The 2 food levels, i.e. 250 (low, L) and 5000 (high, H) cells ml −1 of R. lens, were in a range similar to those used in previous experiments to induce plasticity in echinoid larvae (Boidron-Metairon 1988 , Strathmann et al. 1992 , Hart & Strathmann 1994 , Sewell et al. 2004 . The competition treatments included 1 low density control and 3 higher density treatments using different competitors to augment density. Each of the 8 food level−competitor combinations had 5 replicates, for a total of 40 containers. Each container was a 150 ml glass custard dish into which combinations of different larvae, food, and FSW were added, as described below, to a total volume of 100 ml. Water was changed and food was replenished every other day for the 5 d of the experiment.
Containers in the low competitor density controls each held 5 plutei of D. excentricus at a larval concentration of 0.05 ml −1 in FSW. Containers in all other treatments also included the 5 D. excentricus but had a total larval concentration of 0.25 ml −1 created by the presence of additional larvae. Containers in the conspecific treatments held 20 additional plutei of D. excentricus; those in the heterospecific feeding treatments held 20 plutei of S. purpuratus, and those in the heterospecific non-feeding treatments held 20 veligers of L. digitalis. All containers were placed in a random array in a sea table (12−14°C) and mechanically stirred with a paddle at 10 strokes min −1
. Maximum clearance rates per larva for both feeding species at these developmental stages are around 3 ml d −1 (Hart 1996) . This value suggests that 5 feeding larvae likely would not significantly deplete their food supply, especially considering the contribution of phytoplankton reproduction to algal concentrations (Strathmann 1996) , whereas 25 feeding larvae in the higher density treatments likely would.
Data collection and analysis
After 5 d in experimental culture (8 d after fertilization), all surviving plutei of D. excentricus were removed and measured, except for the treatment containing 25 conspecifics, from which 5 plutei of D. excentricus were subsampled at random. This time point was used because morphological differences between constant food levels are often most apparent sometime around Days 4 through 8 of development (see Podolsky & McAlister 2005) . Differences in stage for a fixed sampling age can complicate interpretations when change in a quantitative variable (e.g. growth) is altered by stage transitions (Pörtner et al. 2010) ; the period we focused on involves regular, linear arm growth and no major qualitative transitions (e.g. rudiment formation or metamorphosis). Losses of larvae from water changes or mortality were low, with a total recovery of 81%. Standard measures of body size (McEdward 1986 , Miner 2005 , i.e. postoral rod length (PORL, a proxy for ciliary band length), body length (BL, measured from the posterior tip to the tissue bridge between the anterolateral arms, as an estimate of overall size), and stomach length (SL), were recorded for larvae in a ventral-down position at 200× to the nearest 5 µm using a compound microscope and an ocular micrometer (Fig. 1) . In this position, the measured features lie in the focal plane.
A linear mixed-effects model in SPSS (v.24 ) was used to analyze the effect of treatment on each of the larval measurements, with container as a random effect and competitor type and food ration as fixed effects. Analyses were run with and without BL as a covariate in order to compare both absolute and relative sizes of arms and stomachs. To evaluate the effect of density alone, planned contrasts were used to compare the high density treatments to the low density treatment. Non-significant interactions with the covariate were removed. Phenotypic correlations between arm length and SL were estimated within each food−competitor treatment using container as a random effect. Measurements were log transformed to meet assumptions of the analysis. Estimated marginal means ± SE were calculated from the mixed-effects model and compared using a sequential Bonferroni adjustment (Holm 1979) for multiple comparisons.
Literature surveys
We performed 2 surveys of published literature to evaluate the ecological relevance of densities used in past laboratory assays of plasticity in response to food availability. First, we searched exhaustively, using databases and literature cited sections, for studies that measured morphological differences in marine invertebrate larvae reared in the laboratory under different food levels, noting the culture density used and whether plasticity of feeding structures was found. We omitted studies where cloning frequency was the morphological response because they did not deal explicitly with the relative size of the feeding apparatus (although cloning may be a method of increasing feeding capacity of the genet). We report initial culture densities, recognizing that density some times declined during experiments as a result of sampling or mortality.
Second, we used search terms that combined 'meroplankton' or 'mesozooplankton' (categories to which the study species belong) with 'density or abundance' in Web of Science to locate field studies re porting zooplankton densities that could be extracted from tables and figures. We report information from each study that yielded such data, except for 2 from highly eutrophied waters that were studied for effects of pollution. Beyond those searches we did not attempt to be exhaustive, but rather to generate a representative and unbiased sample that included tropical, temperate, and polar examples. In addition to providing the maximum and minimum density values reported anywhere in each study, we also estimated an average value across all of the data presented in the study.
RESULTS
Laboratory experiments
Both larval density and food level influenced the growth of the skeleton and stomach of Dendraster excentricus plutei. Competitor treatment had a significant effect on postoral arm length (F 3, 31.4 = 9.57, p < 0.001), with the production of longer postoral rods at each of the higher densities regardless of whether density was increased by the addition of conspecific larvae, feeding heterospecific larvae, or non-feeding heterospecific larvae ( Fig. 2A) . As expected, plutei also produced longer postoral rods in response to low food level, though only at the higher larval densities. Increased investment in the food-collecting structure in the presence of limiting food, but only under high actual or apparent competition, was reflected in a significant interaction between larval density and food level (F 1, 35.4 = 6.76, p = 0.013). Results were similar when controlling for body size: postoral rods were relatively longer for a given BL at the higher larval densities (F 3,153.7 = 8.77, p < 0.001) and there was a significant increase in PORL under low food conditions (F 1, 38.9 = 9.42, p = 0.004), although the density by food interaction was marginally non-significant (F 1, 41.9 = 3.39, p = 0.073). At low larval density, arm length controlling for body size was similar between food levels, whereas at high larval densities the difference be tween food levels increased (Fig. 3A) . SL was also significantly influenced by competition treatment (F 3, 28.1 = 15.83, p < 0.001) and similarly increased in each of the higher larval density treatments, although the increase was greater for the 2 heterospecific treatments than for the conspecific treatment (Fig. 2B) . SL was also significantly and positively related to food level (F 3,153.7 = 8.77, p < 0.001), and there was no food by competitor interaction (F 3, 28.1 = 0.28, p = 0.84). SL controlling for BL showed similar patterns as absolute SL, except that SL did not differ significantly between the low density treatment and the high density treatment involving conspecifics (Fig. 2B ).
Within each of the 8 competition by food combinations, individual larvae showed a positive phenotypic correlation between PORL and SL ( Fig. 4A ; overall effect of log SL on log PORL: F 1,161.5 = 20.21, p < 0.001), likely reflecting differences in overall size of individual larvae. In contrast, PORL and SL exhibited an inverse relationship between food treatments, though only for each of the 3 high density treatments (Fig. 4B) , which is consistent with the expected tradeoff in investment in these 2 larval features.
Literature surveys
A survey of previous laboratory studies of morphological plasticity found that densities at which invertebrate larvae were tested were typically high and varied over nearly 2 orders of magnitude (Table 1) . Only 10 of 42 previously published experiments used ) by addition of competitors, either conspecific feeding larvae (D. excentricus), heterospecific feeding larvae (Strogylocentrotus purpuratus), or heterospecific non-feeding larvae (Lottia digitalis). Different lowercase letters denote significant differences among competition conditions Bars show estimated marginal mean (EMM) ± SE for low food (white bars) and high food (black bars). Different lowercase letters denote significant differences among competition conditions. Other information as in Fig. 2 densities that were lower than our high density treatment (0.25 ml −1 ), and none was as low as our low density (0.05 ml ) and did not (0.85 ± 0.12 ml −1 ) show an effect of food level on plasticity (t 39 = 1.68, p = 0.38).
Densities of natural zooplankton reported in a representative sample of field studies, on the other hand, were consistently lower than those used in laboratory studies (Fig. 5) . Densities varied more within than between regions (F 2, 23 = 0.187, p = 0.19). Within studies, average values were as high as 0.01 ml −1 , and spatial or temporal samples varied by as much as 3 orders of magnitude. The maximum value for any sample reported in any of the studies was 0.1 ml −1 , although the average value for that study was only around 0.001 ml −1 and it was the only study that reported any value higher than our low culture density of 0.05 ml −1
. A publication for the region where this study was conducted (Chester et al. 1980 ) reported densities that were 2 to 3 orders of magnitude lower than those used in laboratory experiments on larval plasticity.
DISCUSSION
As in previous studies, plutei of Dendraster excentricus were morphologically plastic in response to variation in food supply (Boidron-Metairon 1988 , Fenaux et al. 1994 , Hart & Strathmann 1994 ). Arm elongation is considered an adaptive response to food limitation because a longer ciliated band increases the rate of suspension feeding (Hart & Strathmann 1994 , Hart 1996 . We found, however, that this response to food was modulated by the density of larvae. Low density caused a reversal between food levels in the relative growth of the postoral arms, such that longer arms were produced under high food at low larval density but under low food at high larval density. This interaction likely reflects a balance of 2 processes that is unique to the developmental plasticity of feeding structures: a greater overall scope for growth of such structures when food is abundant versus the greater differential allocation of investment to feeding structures when food is limiting. This balance can influence the time during development when plasticity is most apparent in experiments with constant food levels -in many cases during a limited window before nutrient acqui sition or morphogenesis masks differential allocation (Podolsky & McAlister 2005) . (The scope for a plastic response can persist, however, as demonstrated in experiments where food limitation is first imposed later in development; Hodin et al. 2016 ). Our results suggest that interactions among individuals affect how these 2 growth processes regulate the expression of plasticity in feeding structures.
In addition to the interaction between food and larval density, we found that density alone had a sig nificant effect on arm length. The functional consequence of the response to higher density -an in - crease in the length of the ciliated band used in food collection -is consistent with our prediction that larvae would respond in similar ways to food scarcity and competition. In contrast, Relyea (2004) found an opposite effect of density on plasticity: in wood frogs, lower tadpole density was associated with greater plasticity of tail depth in response to predator number. This contrast can be explained by the difference in what density signals about predation versus competition: high density indicates diluted predation risk (Guariento et al. 2015) but increased competition risk. The pattern we observed could have involved a response either directly to the presence of potential competitors or indirectly to a reduction in food by competitors. The fact that arm rods lengthened even in the presence of non-feeding larvae suggests that a change in density alone was sufficient to trigger plasticity. As noted earlier, we focused on an early developmental window where plasticity tends to be most apparent; future work will examine whether the timing or duration of this window is density-dependent. ) in 42 experimental tests of the effect of food ration on plasticity of feeding structures in marine invertebrate larvae. 'AP' shows whether plasticity consistent with an adaptive response (larger structures at lower food levels) was detected (Y: yes, N: no). Densities used in the current study were 0.05 (low) and 0.25 ml −1 (high). Ten values below our high density level are highlighted in bold. Miner & Vonesh (2004) varied daily variance rather than mean ration Also consistent with previous studies (Strathmann et al. 1992 , George 1999 , Sewell et al. 2004 , Miner 2005 , we found that larvae cultured at higher food levels grew larger stomachs. The size of the stomach impacts juvenile growth by storing energy through metamorphosis (Okazaki 1975) , unlike the ciliated band used in food collection (Burke 1981) . Relative investment in these 2 structures is therefore viewed as part of a tradeoff that favors faster development through metamorphosis when food is abundant and investment in food-collecting structures when food is limited. Improving the rate of food collection can enhance larval survival by accelerating planktonic growth, though potentially at a cost to energy storage (Adams et al. 2011 ) that can be manifested at metamorphosis. For example, larvae of D. excentricus raised under food limitation increased their capacity for food collection but metamorphosed as smaller juveniles (Hart & Strathmann 1994) , which could increase the risk of benthic predation or limit the range of benthic foods (Allen 2008). Miner (2005) found support for the energetic basis of this tradeoff in a strong negative correlation between larval arm length and SL across food levels in strongylocentrotid sea urchins. We found similar evidence for this tradeoff, but again only in treatments with high larval densities, supporting the hypothesis that interactions among individuals can influence energy allocation.
On the other hand, stomach length responded positively to larval density, contrary to our expectation of similar responses to food scarcity and competition. Moreover, absolute stomach length showed a greater response to the presence of heterospecifics than conspecifics. This difference indicates that plasticity is sensitive not only to the density, but also the composition of the planktonic community. Stomach lengthening under high density could involve accelerated investment in post-larval structures in a crowded planktonic environment. (It is also possible that a change in stomach length is a non-adaptive response to culture conditions, for example, changes in water quality.) Bouchard et al. (2016) demonstrated a similar increase in relative gut size for bullfrog larvae when raised at high density, a trait that persists through metamorphosis as in echino derms. However, in their study, other storage organs were correspondingly smaller at high density, indicating that stomach size alone might not reflect the complete set of energetic tradeoffs involved in a plastic response. Although it appears from our results that larvae invest in more rapid stomach growth under high density conditions, the potential cost of this investment is unknown. In addition to being appropriate for a particular environment, the expression of an adaptive plastic response requires a mechanism for transducing environmental signals (DeWitt et al. 1998) . Cues available to detect an increase in larval density could involve physical contact, hydromechanical disturbance, or chemical exudates. Sensing of disturbance is a common method of prey and predator detection in planktonic organisms, and the frequency of disturbance, even in the absence of direct . Natural zooplankton densities from a selection of 22 field studies, arranged by geographic region in increasing order of average density (left side). Thick lines show the range from the minimum non-0 value to the maximum value reported in each study, and circles are approximated average values. Missing lines indicate that only averages were reported. All values were estimated from data graphs. The grey area (right side) bounds the range of densities used in previous laboratory tests of larval plasticity, and the histogram shows the distribution of densities among those tests (data from Table 1 ). Arrows show the position of densities used in this study for low (open) and high (filled) food levels. The zooplankton fraction sampled as reported by each study is indicated as follows: c = copepods only; r = meroplankton, s = mesozooplankton, t = total zooplankton. Sources: 1. Defren-Janson et al. (1999) ; 2. Hunt et al. (2002); 3. Pakhomov & Froneman (2004); 4. Takahashi et al. (2010); 5. Stevens et al. (2015) ; 6. Hunt & Hosie (2006); 7. Primo et al. (2009); 8. D'Elbee & Castel (1995) ; 9. Marques et al. (2009); 10. Chester et al. (1980); 11. Rodriguez et al. (2000); 12. Purcell (2003) ; 13. Thompson et al. (2008); 14. Menendez et al. (2012); 15. Lonsdale & Coull (1977); 16. Avila et al. (2009); 17. Neumann-Leitao et al. (2008); 18. Koettker & Lopes (2013); 19. Tseng et al. (2011); 20. Cornils et al. (2007); 21. Hsieh et al. (2010); 22. Araujo et al. (2008) contact, could provide indicators of overall density or even species identity (Visser 2001) . Morphological plasticity of larvae is sensitive to algal exudates (Miner 2007) and could similarly respond to those of zooplankton (Metaxas & Burdett-Coutts 2006) . Chemical cues from conspecifics, for example, were sufficient to trigger a plastic response in bullfrog tadpoles (Guariento et al. 2015) . How such signals are transduced into a morphological response is unexplored. Thyroid hormone derived exogenously from algae has been proposed to regulate the plastic response to food levels in echinoid larvae (Heyland & Hodin 2004) , involving changes in dopamine signaling (Adams et al. 2011 ) and gene expression (Carrier et al. 2015) . It is possible that a stress response to crowding could alter a hormonal pathway like dopamine signaling in a similar manner (Moriam & Sobhani 2013) . Likewise, the difference in response of stomach length to conspecific and heterospecific larvae we observed could involve differential exposure to thyroid hormone, which is produced by larvae of D. excentricus, as exposure to thyroid hormone can induce a reduction in stomach growth (Heyland & Hodin 2004) . While this study is the first to demonstrate an effect of density on plasticity in marine invertebrate larvae, our survey of previous studies makes clear that there has been little effort to standardize culture density or to test for such an effect. The distribution of larval densities across experiments was strongly modal around 1 ml −1 , possibly by convention, but ranged over nearly 2 orders of magnitude. In the only example of variation within a publication, BoidronMetairon (1988) studied 2 echinoid species, each cultured at a different density. Consistent with our results, D. excentricus cultured at our high density level (0.25 ml −1 ) expressed plasticity of arm length that was greater in magnitude and duration than did Lytechinus variegatus cultured at a density (0.067 ml −1 ), closer to our low density. In addition to species differences, however, the experiments on these 2 species differed in other aspects of methodology, including how food limitation was imposed, leaving uncertain whether density is implicated in the interspecific difference. In our survey, we did not find an association between culture density and plasticity; however, given (1) lack of resolution of where density has an appreciable effect on plasticity, (2) a lack of studies that used densities as low as ours, and (3) the relatively small number of studies that have reported a lack of plasticity (possibly as a result of publication bias), data from previous studies might not be able to resolve this question in an informative range of densities. Furthermore, effects of density could be obscured in interspecific comparisons by other factors, including egg size, latitude, and larval form, that contribute to patterns of plastic expression (Podolsky & McAlister 2005 , McAlister 2007 , Reitzel & Heyland 2007 , Soars et al. 2009 ). Future work should try to resolve intraspecific patterns of density dependence in the expression of plasticity.
The ecological and evolutionary significance of the effect we identified depends on the frequency and duration of larval exposure to different densities in nature. For many species, synchronous spawning is the greatest source of high larval density (Christy & Stancyk 1982) , although cohort persistence can depend on bathymetry, water movement, and predation. Adults of D. excentricus live in dense aggregations that spawn synchronously, resulting in larval cohorts that advect and diffuse on variable time scales (Emlet 1986). Bos et al. (2006) measured peaks of bivalve larval density at 10 locations around the North Sea as high as 0.4 ml −1 , but found that cohorts had typically dissipated within 1 or 2 weekly samples. Jørgensen (1981) began tracking a cohort of larvae of the mussel Mytilus edulis in a Danish fjord when surface densities were about 3.4 ml −1
. Estimating from their data, densities stayed above our high density of 0.25 ml −1 for about 17 d and above our low density of 0.05 ml −1 for 27 d. Whereas Bos et al. (2006) estimated that larval nutritional needs were not met by their food supply (a requisite for competition), Jørgensen (1981) found that growth in the field was not different from that under satiating conditions in the lab. More generally, Strathmann (1996) concluded that conspecific larvae rarely remain at high enough density for long enough and with clearance capabilities necessary to significantly impact their food supply. In light of these temporal patterns, it is notable that plasticity in laboratory culture is often most apparent during early stages (Podolsky & McAlister 2005) before mortality and advection would dilute high initial densities in the field.
The potential for larvae to experience sustained high densities as part of larger planktonic assemblages is less clear. Field zooplankton densities in our literature survey were typically several orders of magnitude below those used in laboratory culture. However, aggregate densities from surveys could be on a spatial scale too large to characterize small-scale interactions (Pinel-Alloul 1995) . If biotic or abiotic forces concentrate zooplankton relative to phytoplankton (Blukacz et al. 2010 ) then competitive interactions and resource limitation could increase in patches (Bos et al. 2006) . It is therefore important to consider by what factor and mechanism densities of plankton could be elevated above aggregate estimates. Using continuous high-resolution counting, Trudnowska et al. (2016) measured plankton concentrations in dense patches that were up to 17 times higher than background; mesozooplankton were concentrated mainly in association with water density fronts. Similarly, Hofer et al. (2017) found stalked barnacle larvae concentrated in river plumes by an order of magnitude relative to background. Sampling on a larger scale, Morgan et al. (2005) found that plankton biomass was up to 47 times higher in fronts than in neighboring waters. In contrast, using highfrequency sampling Molinero et al. (2008) found that, while plankton was taxonomically variable, total densities remained consistent. Even if patch densities are sometimes an order of magnitude or more above background, the question is whether larvae experience such patches frequently and for long enough to provide a reliable cue for adaptive plasticity (Padilla & Adolph 1996) . The same physical processes that concentrate plankton, for example, can also lead patches to be highly transient (Mitchell et al. 2008 , Flierl & Woods 2015 , reducing the likelihood of a coherent signal. As a result, densities that a larva will typically encounter may remain orders of magnitude lower than those at which plasticity has been demonstrated and at which we no longer detected it. In light of these observations, laboratory studies of plasticity that have used high density cultures should be interpreted with caution, and tests of the significance of plasticity should be done explicitly within a natural range of densities (e.g. Relyea 2004 ).
This caveat applies broadly to laboratory culture of larvae at unnaturally high densities (Scheltema 1986 ). For example, Johnson & Shanks (1997) identified an analogous artifact in studies of larvae as prey: substantial predation seen at typical culture densities was eliminated at lower, field-relevant densities. They attributed this loss of predation to changes in behavior and capture success when prey were naturally sparse. Potentially even more problematic is the regular culture of larvae at extremely high densities for molecular or physiological measurements, where crowding could alter physiological state or macromolecule expression (Nga et al. 2005 , Salas-Leiton et al. 2010 , Gao et al. 2018 . Because laboratory experiments always involve an interaction between treatment conditions and holding conditions, the ecological relevance of culture conditions is critical for interpreting outcomes. In any study where outcomes could be affected by interactions among individuals or by a change in physical conditions that results from crowding (e.g. high CO 2 or ammonia), culture density should be treated as a critical aspect of experimental design, taking account of the organism's natural history (e.g. synchronous spawning). High larval densities that have been typical of laboratory experiments may in fact prove useful for studying plankton dynamics in disturbed systems, as elevated densities are a common result of eutrophication (e.g. Selifonova 2008 , Garcia & Bonel 2014 .
A related caveat applies when morphology is used to infer the condition of field-collected larvae. Comparisons between seasons or locations, for example, have used larval morphology as an indicator of relative food limitation (Fenaux et al. 1994 , Miller & Emlet 1999 ). Given our finding that meroplankton or whole zooplankton density could influence larval morphology, future studies should take account of the densities and composition of the communities from which animals are collected for comparisons. Klinzing & Pechenik (2000) listed other factors identified from lab experiments that can cloud the interpretation of morphology in field-collected larvae. More generally, as Scheltema (1986, p. 295) cautioned, 'it seems unwise to extrapolate uncritically the quantitative results from such standing cultures to natural populations.'
